This experimental study presents the parametric analysis for the round pin-finned heat sinks subjected to steady heat densities for effective and reliable cooling of mobile electronic devices.
Nomenclature

TM
Temperature at ambient condition.
Heat Flux Specific heat
Melting Temperature of PCM
1-Introduction
Due to advancement of modern electronic packages, heat transfer augmentation technologies are needed to be improved for reliability of these modern packages. Consequently, various advance heat transfer techniques have been introduced for the cooling of electronic devices which may contain active and passive cooling. Heat, which is the main byproduct of any electronic device, generates inside the miniature and complex circuits of these devices. The key objective of a heat transfer augmentation technique is to enhance the thermal performance of system by enhancing the coefficient of heat transfer. Although, there are some typical cooling techniques like piezoelectric pump, air cooling, liquid cooling and heat pipes which remove heat efficiently [1, 2] .
However, latent heat thermal energy storage system (LHTESS) is now highly under research for passive cooling of electronic devices. A LHTESS has a capability to absorb large amount of heat inside it and to reject this heat in surrounding [3, 4] . Phase change materials (PCMs), have the characteristics to absorb high amount of thermal energy during changing the solid-liquid interface [5] . PCMs have a large amount of latent heat of fusion, high specific heat, chemical stability under repeated melting and cooling modes, high volumetric density, little sub-cooling, small volume change, low vapor pressure and are non-toxic, non-explosive and non-flammable [6] .
A fewer studies have been reported on parametric investigation of LHTESS. Wang et, al. [7] carried out the numerical parametric investigation of PCM volume fraction, aspect ratio, temperature difference and PCM properties of PCM-based heat sink. The results concluded that a heat sink with PCM has better thermal performance and aspect ratio. Qu et al. [8] conducted the experimental work for passive cooling of electronics using parallel hybrid heat sink saturated with solid copper and pure paraffin wax. The results showed that lower base temperature of heat sink was achieved in case of metal foam-PCM then pure paraffin with a linear trend. Mahrous [9] carried out an experimental study based on PCM based sink and investigated the fins arrangement and number of fins. Heat sinks were partially filled with paraffin wax and effects of heating rates were observed. It was concluded that both heat rate and peak temperature reduced using PCM based heat sinks. The effect of thermal resistant for heat management of electronics using finite element analysis was reported by Grujicic et al. [10] . Authors explored the effect of surface roughness, applied pressure, mechanical and thermal properties for two PCMs and acrylic or silicon base tapes to cool the central processing unit. The results revealed that the use of thermal interface material lowered the overall base temperature.
Hajmohammadi et, al. [11] carried out the numerical study of V-shaped fins/inserts embedded in a square heat generating cavity. The authors performed the geometric optimization of fins and concluded that V-shaped inserts had the remarkable heat transfer performance and reduced the base temperature of heat generating cavity. Further, to improve the cooling performance,
Hajmohammadi et, al. [12, 13] presented the numerical study of forced convection cooling and proposed the correlation between the thick plate and heat source. Authors concluded that at low
Reynolds number and low Prandtl number, temperature was reduced with the interface of plate.
Hajmohammadi and his co-authors [14, 15] presented the numerical investigations of laminar forced convection cooling of plate and round pipe under the array of heat sources of varying size of spacing. Najafi et, al. [16] carried out the optimization study of plate and fin heat exchanger using genetic algorithm using air as a working fluid at both end of heat exchanger.
For PCM-based finned heat sinks for thermal management of electronic devices with a constant volume fraction of 9% of fins, an experimental study was carried out by Baby and Balaji [17] . An enhancement ratio of 18 was obtained for pin-fin heat sink and it was concluded that pin-fin heat sink had better efficiency than plate-fin heat sink filled with PCM. In recent past, Srikanth et, al. [28] presented an experimental and numerical study of pin-fin heat sink filled with n-eicosane as a PCM with an objective to increase the charging time during operation and to decrease the discharging time during idle conditions. At constant heat flux and PCM amount, 40 various geometrical configurations of heat sinks were taken. Authors carried out the multi objective optimization using artificial neural network and predicted the optimum configuration of heat sink. In extension of phase change of cooling, Ahmed et, al. [29] experimentally carried out the TM of tablet computers using two PCM (n-eicosane and PT - In continue of this, numerical investigation for current models of different brands of nearly similar dimensions was proposed by Thomas et, al. [33] . Authors selected the n-eicosane as a PCM, different power levels were provided at heat sink base, effect of power densities and melt fractions were discussed in natural convection conditions. Similarly, Tomizawa et, al.
[34] proposed a numerical and experimental study to investigate the various parameters (effect of mass, latent heat, thermal conductivity, configuration of PCM sheet and thermal conductivity of material). Using finite element analysis, optimum dimensions and shape of PCM were defined. The authors concluded with statements that PCM sheet with copper sheet as a thermal conductivity enhancer had better TM for mobile devices.
A very novel technique with porous metal fiber sintered felt (PMFSF) PCM based heat sinks using porous matrix of copper fibers of ample antler microstructure on its surface was examined by [38] . Authors adopted the non-dominated sorting genetic algorithm to determine the optimization of parameters of discrete power levels, stretching the charging mode and shortening the discharging mode of heat sink. The results concluded that more multi objective optimization was required for higher discrete power source and type of TCEs. The most recent parametric experimental study based the square fin profile reported by Arshad and his co-authors [39, 40] selected the 9% volume fraction of TCEs and concluded that a 2 fin thickness had the maximum thermal performance comparing with , 1 and 3 fin thickness PCM filled heat sinks.
The previous all aforementioned studies clearly explain that a fewer studies have been reported on round pin-fin heat sinks for passive cooling of electronics using PCMs as a thermal energy storage material, also none has reported any experimental and numerical study based on parametric investigation with influence of paraffin wax as a PCM. The current study focus on the parametric investigation of fin diameter, amount of PCM (paraffin wax), effect of heat densities for four different configuration of round pin-finned heat sink.
2-Experimental Setup and Procedure
Typical experimental setup used in this research study is shown in Figure 1 . Flow diagram in Figure 1 , completes the measurement procedure by employing four basics components (DC power supply, PCM filled heat sink assembly, data logger and laptop). A DC power supply (Kaysieght Technologies 6675A, 120V/18A) is used to input the constant heat densities ranging from In the present research activity, the reason to take the = 9% is that earlier Baby and Balaji [18] and recently Arshad and his co-authors [39, 40] , and Ashraf et, al.
[41] reported that a finned heat sink of TCEs volume fraction of 9% provided the best thermal performance for passive thermal management of portable electronic devices. The heat sinks (no fin, = 3 and = 4 ) are machined using computer numerical control (CNC) machine whereas the heat sink of 2 pin diameter is manufactured using electric discharge machine (EDM). A reverse pattern of = 2 pin-fin heat sink is made using copper on wire cut EDM and then die sink EDM is used [42] . The Figure 2 shows the two dimensional projection view of = 3 pin-fin heat sink in actual dimensions. Aluminum ( − 6 − 6061) block is used to made all configurations of heat sinks with overall dimensions of 114 × 114 × 25 3 . All dimensions of materials required to make HSU are given in Table 1 . Figure 3 . A detail positioning of all thermocouples is shown in Figure 4 deep groove at equally distanced to measure the heat sink base temperature. All thermocouples are fixed using Araldite ™. A detail of thermocouples inserted inside the paraffin wax and side wall of heat sink is given in Table 3 and 4, respectively.
All the experimentation is carried out at room temperature of 18℃, a thermocouple is kept at working space. Transient temperature variations recorded by thermocouples are taken after 5
interval. HSU assembly is insulated using rubber cork cut in two halves, top surface is covered using silicon gasket and perspex sheet which helps to visualize the melting and cooling fractions 
3-Result and Discussion
3.1-Effect of PCM Volumetric Fractions
The effect of PCM (paraffin wax) volumetric fractions is shown in Figures 5a-5d , input heat flux 
3.2-Effect of Input Heat Flux on Temperature Profile
The effect of different input heat densities is shown in Figure 6 for 2 pin diameter heat sink.
A range of heat flux from 1.6 / 2 to 3.2 / 2 is provided at heat sink base through plate heater. Time-temperature profiles are recorded using base thermocouples H1, H2 and H3 at PCM level of = 1.0. The Figure 6 shows that the latent heating phase gets shorter as the input heat flux increases, as expected. It is seen that no solid-liquid phase change occurs at 1.6 / 2 even after 140 but a rapid phase change can be seen for 3.2 / 2 input heat density, the phase change occurs just after 28 . Further, there is a most significant trend can be seen for latent heating phase completion time. pin diameter is either due to the more number of fins or more pitch distance between the fins.
Critically, the reason of the best heat transfer characteristics for the case of 3 fin diameter heat sink is the optimum number of fins, pitch of fins (the fin spacing in stream-wise, span-wise and diagonal directions). Additionally, the enhanced latent heating phase duration is because of optimum fins distribution which transfer the internal generated heat more uniformly through fins without causing local overheating the heat sink base. 
3.4-Temperature variation within PCM for melting and solidification phases.
A complete charging and discharging is shown in Figure 8 , for pin diameter of = 3 paraffin wax filled heat sink. As it is evidenced from Figure 7c , that a = 3 pin-fin heat sink shows the better thermal performance than all compared finned heat sinks. The complete charging and discharging cycle is subdivided into two regions first one is melting phase and second is cooling phase. Both phases are further labeled into three sub-regions shown in Figure 8 . Thermocouples 20 distribution in vertical direction of a heat sink. As expected, the thermocouples inserted at heat sink base record higher temperature as they are directly in contact with plate heater. However, temperature variations inside the paraffin wax are so significantly abrupt and a uniformity which is due to the natural convection heat transfer can be seen for each configuration of pin-fin heat sink at specific time. 
3.6-Operation time enhancement of different configurations of heat sinks for critical SPTs
To ensure the thermal performance of different configurations of pin-fin heat sinks tested in this study, enhancement in operation time is presented for three different critical SPTs (i.e. 60℃, 65℃
and 70℃). Bar charts shown in Figure 10a -10b, represent the time taken by the finned heat sinks of various pin diameters to reach the critical SPTs of 60℃ and 70℃. A complete summary of time to reach critical SPTs is given in Table 5 another picture of coin, the variation in time to reach either 60℃ or 70℃ is due to the local overheating occurring between the layers of paraffin wax which don't transfer heat to adjacent layer. This results the rapid rise in base temperature instead of keeping lower.
As it is evident that = 3 pin-fin heat sink filled with PCM has the best thermal performance,
the Figures 11a-11b show the comparison of enhancement in time for different volume fractions of PCM to reach SPTs of 60℃ and 70℃ respectively. It is seen that, maximum time is achieved in case of = 1.0, as expected either for SPT of 60℃ or 70℃. 
3.7-Enhancement ratio with influence of PCM and TCEs
The thermal performance various PCM filled finned heat sinks is carried out by calculating the enhancement ratio for pin-fin heat sink against each input heat density. An enhancement ratio with respect to configuration of TCEs, denoted by , is defined as the ratio of at specific volumetric fraction of PCM enhanced finned heat sink to unfinned heat sink. The Eq. 3 is used to calculate the enhancement ratio at PCM of = 1.0 for two selective critical SPTs (60℃ and 70℃).
The Figures 12a-12b show that the pin diameter of 3 pin-fin heat sink filled with paraffin wax has the higher enhancement ratio at any specific input heat density. A maximum enhancement ratios of 2.4 and 1.6 are obtained is obtain an input density of 2.0 / 2 and 3.2 / 2 for SPT of 60℃ and for SPT of 70℃ it is 1.6 for an input density of 3.2 / 2 . An enhancement ratio, denote by , with the influence of with PCM and without PCM, calculating by using Eq. 4, is shown in Figure 13 .
Eq. 4
Round pin-fin heat sink of = 3 which evidences the best thermal performance is selected to obtain the enhancement ratio for three critical SPTs of 60℃, 65℃ and 70℃. It can be that higher enhancement ratio is achieved for a lower SPT of 60℃at each input heat density. An enhancement ratios of 3.2, 3.9 and 4.2 are obtained for input heat densities of 2.4 / 2 , 2.8 / 2 and 3.2 / 2 respectively. The critical SPTs, the temperatures at which any electronic devices can functioned without failure its design constraints, a maximum enhancement ratio is obtained at lower SPT. Additionally, as the input heat density level increases the more enhancement ratio is achieved for any chosen SPTs. The lower enhancement ratio achieved in case of 70℃ is due the rapid increase of temperature in post-melting phase. It is concluded that a heat sink filled with PCM are more efficient at higher power densities for passive cooling of electronic equipments.
3.8-Effect of heat capacity and thermal conductance
To illustrate the thermal performance of round pin-fin heat sinks based on PCM (paraffin wax), specific heat and thermal conductance of each configuration of heat sink is calculated using Eq. 5
and Eq. 6 respectively, given as follows, 
Conclusions
The present experimental study with basic objective is the parametric analysis of HSU containing round pin-fin heat sinks as a TCE filled with PCM (paraffin wax) for efficient TM of portable electronic devices. A constant volume fraction of TCE = 9% was chosen and three different volumetric fractions of paraffin wax were taken for input power densities of 1.6 / 2 to 3.2 / 2 with a step of 0.4 / 2 . The results reveal a clear picture that a round pin-fin heat sinks have a tremendous capability for passive TM of electronic equipments. Some contributions from this analysis are as following;
1. It is concluded that a heat sink with volumetric fraction of = 1.0 means fully filled with PCM has more tendency to keep the base temperature in lower comfortable temperature limits than that of = 0.0 or = 0.5.
2.
At low input heat densities the PCM filled HSU are so efficient for passive cooling of electronic devices, because it takes more time to phase change occurs.
3. It is concluded that HSU with pin diameter of 3mm pin-fin heat sink filled at = 1.0 is more efficient and has significant thermal performance in comparison of 2 and 4
pin-fin diameter heat sinks.
A uniform temperature distribution is found between TCEs through PCM (paraffin wax)
which ensures equally melt fraction of PCM in spatial direction.
5.
A maximum enhancement in operation time is evidenced for case of = 3 pin-fin PCM based heat sink either to reach SPTs of 60℃ or 70℃ for each input heat density.
6. It is concluded that more enhancement ratio is obtained for both critical SPTs of 60℃ and 70℃ in case of 3 pin diameter pin-fin heat sink in comparison of 2 and 4
round pin-fin heat sinks. 
